https://mc06.manuscriptcentral.com/apnm-pubs Sleep deprivation (SD) can induce muscle atrophy. We aimed to investigate the changes underpinning SD-induced 27 muscle atrophy and the impact of this condition on rats that were previously submitted to resistance training (RT). 28
Skeletal muscle is one of the largest tissues, comprising ~40 % of total body mass. The main function of 53 skeletal muscle is movement, but it is also plays an important role in storing amino acids and is an important site 54 of post-prandial glucose uptake. Thus, the maintenance of skeletal muscle mass is vital for optimal health. For 55 example, the mass of skeletal muscle has been used as a predictor of functionality and quality of life in cachectic 56 syndromes in cancer, COPD, and chronic heart disease (Li et al. 2008 ). Moreover, muscle mass is positively 57 correlated with resting metabolic rate (Wang et al. 2000) and inversely related to adiposity (Damaso et al. 2013) . 58
Muscle mass is determined by the balance between protein synthetic and degradation pathways (Sandri 2008) . 59
Several factors can influence these pathways, such as nutritional status (Mizushima et al. 2004 ), mechanical 60 stimuli (Luo et al. 2013) , and hormonal profile (Sandri 2011 ). More recently, sleep has also been highlighted as an 61 important factor that regulates muscle trophism (Dattilo et al. 2011) . 62
Sleep is an important determinant for the homeostasis of several physiological systems. Sleep deprivation 63 (SD) is a recognized risk factor for metabolic syndromes, cardiovascular diseases (Chaput et al. 2013 ), cancer 64 (Haus et al. 2013 ), diabetes mellitus, and obesity (Van Cauter et al. 2008 ). SD increases plasma corticosterone 65 levels and chronically reduces the levels of anabolic hormones such as testosterone (Dattilo et al. 2012 ), growth 66 hormone, and insulin-like growth factor 1 (IGF-1) (Everson and Crowley 2004) . These hormonal alterations could 67 interfere with the activation of the phosphatidylinositol-3-kinase/protein kinase B/ mechanistic target of the 68 rapamycin (PI3K/Akt/mTOR) signaling pathway, the ubiquitin-proteasome system (UPS), and the autophagy-69 lysosomal system (ALS) . The PI3K/Akt/mTOR is the major synthesis pathway of 70 myofibrillar proteins, which is activated by IGF-1, testosterone, and mechanical stimuli, among others. UPS is a 71 protein complex involved in protein degradation, and its increased activity can produce muscle atrophy. ALS 72 consists of the degradation of cellular content (protein aggregates, organelles and glycogen) by lysosome through 73 the process of autophagy, which is the sequestration of material to be degraded by a double-membrane vesicle, the 74 autophagosome. The exacerbated increase in activity of ALS can induce muscle atrophy, but the suppression 75 D r a f t 4 below basal levels has the same effect due to the accumulation of autophagosome in the cytoplasm, which is lethal 76 to the cell (Sandri 2011). As a consequence, SD may disturb the balance between protein synthesis and 77 degradation, favoring catabolism (Mônico-Neto et al. 2013). In fact, SD for 96 hours induces muscle atrophy in 78 adult rats, but the underlying mechanisms are unknown (Dattilo et al. 2012) . 79
Based on the hormonal environment that accompanies SD, it is possible that a potent countermeasure 80 would be high-intensity resistance training (RT) (Mônico-Neto et al. 2013). RT is able to modulate muscle 81 autophagy (Luo et al. 2013) , generating a greater protein turnover and ensuring a more efficient utilization and 82 production of energy. Thus, when performing RT regularly, the muscle has a greater capacity to store and to 83 mobilize energy substrate, and these effects could antagonize the catabolic environment generated by SD and 84 minimize the deleterious atrophic effects on skeletal muscle (Mônico-Neto et al. 2013) . 85
The present study had two objectives. The first objective was to ascertain RT prior to SD would be an 86 effective intervention to counter the atrophic muscle loss observed in rats. The second objective was to 87 characterize the changes in protein contents of components of UPS and ALS during SD in rats. We hypothesized 88 that rats undergoing SD would lose muscle mass, but that RT would attenuate the loss of muscle mass, and that the 89 molecular changes associated with the preservation of lean mass would involve activation of protein synthesis and 90 suppression of proteolytic pathways. 91
Materials and Methods 92
Animals. Conventional male Wistar EPM-1 rats that were 75 days old, weighed 300-390 g and were from the 93
Center for Development of Models for Medicine and Biology (Centro de Desenvolvimento de Modelos 94
Experimentais para Medicina e Biologia -CEDEME) of Federal University of Sao Paulo (UNIFESP) were used. 95
The animals were maintained on a 12-hour light/dark cycle (light starting at 7:00 am) with controlled temperature 96 (22 ± 1 °C). Animals received water and food ad libitum. The NUVILAB ® CR-1 feed was provided with the 97 following composition: humidity 12.5%, crude protein 22%, ether extract 4%, mineral material 9%, crude fiber 98 7%, calcium 1.4%, phosphorus 0.8%, vitamins (A, D3, E, K3, B1, B2, B6, B12), niacin, pantothenic acid, folic 99 acid, biotin, choline. Minerals: sodium, iron, manganese, zinc, copper, iodine, selenium, cobalt fluoride, and amino 100 D r a f t D r a f t 6 these weeks, the animals trained on Monday, Tuesday, Thursday, and Friday and rested on Wednesday. The 126 animals' body mass was measured on a weekly basis throughout the training period. The SHAM group performed 127 the training protocol with no additional load except for their body weight. Forty-eight hours after the last training 128 session, the RT and SHAM groups were subjected to euthanasia, and the RT+SD and SD groups were subjected to 129 SD as described below. 130
Sleep deprivation. SD was performed using a modification of the multiple-platform method (Suchecki and Tufik 131 2000) , in which 5 (socially stable) animals are placed on 8 round platforms (6.5 cm diameter) 10 cm apart and 132 located in a stainless steel reservoir (123 cm long, 44 cm wide, and 44 cm high). The reservoir was filled with 133 water up to one centimeter below the surface of the platforms, and the animals were forced to remain on the 134 platforms for the duration of the experiment. In this paradigm, whenever the animals entered paradoxical sleep 135 phase (specific phase of sleep characterized by the presence of muscular atonia -like REM sleep in humans), they 136 would make contact with the water due to the muscle atonia and wake up. The animals were subjected to SD for 137 96 continuous hours. Before the actual SD protocol, the animals were allowed to adapt to the deprivation reservoir 138 for one hour during three consecutive days. The animals' body weight was measured every 24 hours throughout 139 the SD period. Previous studies show that the modified multiple platform method completely inhibits paradoxical 140 sleep and promotes a 37% decrease in slow-wave sleep (specific phase of non-REM sleep) (Machado et al. 2004) . 141
Histological analysis. Following dissection of the Plantaris muscle, the tissue was dried for a few seconds using 142 filter paper and then weighed using a precision scale. The tibia of the same leg was extracted, and its length was 143 measured using a caliper (plateau to plateau) to normalize the data among animals. The distal fragment of the 144 plantaris muscle was embedded in a mass made of powdered milk and an optimal cutting temperature compound 145 (OCT; TissueTek ® Sakura, Japan) and oriented for obtaining cross-sectional cuts using a cryostat. Serial 8-µm 146 sections were obtained using a cryostat (Leica Microsystem ® -CM1850, Cambridge, United Kingdom) at -22 ºC; 147 then, the sections were placed on silanized glass slides, submerged in acetone, and left to dry at room temperature 148 for 10 minutes. 149
For the morphological analysis, the samples were subjected to hematoxylin-eosin (HE) staining and 150 analyzed using a light microscope (Olympus BX50 ® , brightfield, and camera: DP71; Melville, NY, U.S.A.) under 151 40x magnification. Muscle fiber cross section area (CSA) was analyzed in a blind manner, and 300 fibers per 152 muscle were measured using AxioVision 
g±127; t= -31.97, p=0.00). During the training period, the body weight gain was higher in the groups that 202 remained sedentary (CTRL and SD groups) compared with the trained groups (RT and RT+SD groups) (F (2, 203 45) =4.8141, p<0.01; Table 1 ). Forty-eight hours after the last training session, the SD and the RT+SD groups were 204 submitted to SD, which caused a reduction of body mass in both groups; however, the weight reduction exhibited 205 by the RT+SD was significantly less than that observed in SD (F (2, 27) =116.35, p<0.01; Table 1 figure 2A) . Similarly, the level of IGF-1 was higher in the 216 RT group and lower in the SD group compared with CTRL ( p<0.001), but the RT+SD group showed the same 217 levels of IGF-1 when compared with the RT group (F (4, 45) =16.286, p<0.01; figure 2B ). These data demonstrated 218 that RT was protective of the maintenance of IGF-1 levels against SD and minimized the reduction of 219 testosterone. The plasma corticosterone level was increased in the SD group and the RT+SD group compared with 220 other groups. However, the augmentation in the RT+SD group was lower than in the SD group (F (4, 45) =18.882, 221 p<0.01; figure 2C ), indicating that the RT group minimized the effect of sleep loss. No differences between the 222 CTRL, SHAM and RT groups were observed in relation to corticosterone. 223 D r a f t Anabolic signaling. mTOR (Ser2448) activity was increased in the RT+SD group compared with other groups 224 (F (4,25) =4.8868, p<0.01, Figure 3A) . The phosphorylated p70S6K (Thr389) did not change in the SHAM, RT and SD 225 groups, but the RT+SD groups showed high values compared to these groups (F (4, 25) =2.9013, p<0.04, Figure 3B) . 226
Catabolic signaling. Animals of the SD group had increased levels of ubiquitinated proteins compared with other 227 groups (F (4,25) =3.5294, p=0.02; Figure 4A ). LC3 increased in all groups compared with the CTRL; however, a 228 more prominent increase was observed in the SD group (F (4, 25) =49.298, p<0.01; figure 4B ). Protein 229 sequestosome-1 (p62/SQSTM1) was increased in the SD group compared with the other groups (F (4, 25) =3.8769, 230 p<0.01; figure 4C ). These findings indicate that SD impairs autophagy, but rats previously given resistance 231 training prior to SD attenuate this effect. 232
FoxO3a is a transcription factor that regulates the transcription of LC3 and ubiquitin ligases. Moreover, the 233 activity of FoxO3a is modulated by corticosterone (Schakman et al. 2013 ); thus, we evaluated the phosphorylation 234 status of FoxO3a. As shown in figure 5, phosphorylated FoxO3a (inactive form) was increased in the SD group 235 and the RT+SD group, compared with the CTRL, SHAM and RT groups (F (4, 17) =10.668, p<0.01; Figure 5A) . 236
Although the amount of ubiquitinated protein was increased in the SD group, the higher proteasome activity was 237 observed only in the RT group compared with the other groups (F (3, 16) =14.513, p<0.01; figure 5B) . 238
Correlations analysis. Positive correlation was shown among corticosterone with LC3 (r=0.60, p=0.002), 239 p62/SQSTM1 (r=0.53, p=0.008) and ubiquitinated protein (r=0.43, p=0.034). 240
Discussion 241
We showed that SD induced reductions in muscle weight and CSA. The muscle atrophy observed in this 242 study confirms our previous data obtained in another glycolytic muscle (Tibialis anterior) (Dattilo et al. 2012) . 243
When animals underwent RT before SD (RT+SD), this proved to act as a buffer against SD-induced muscle 244 atrophy because the muscle CSA of the RT+SD group was not different from that of the CTRL/SHAM groups 245 (Figure 1, A and B) . 246
The increase of glucocorticoids stimulates muscle autophagy, and the degradation products are recycled as 247 metabolic substrate (Bonaldo and Sandri 2013; Vainshtein et al. 2013) . In this study, the SD group increased the 248 D r a f t amount of the ubiquitinated proteins LC3 and p62/SQSTM1. In blot analysis, the lipidated form of LC3 (LC3-II) 249
was not detected, suggesting that there was reduced conversion of LC3-I to LC3-II, which is required for the 250 formation of autophagosome. To confirm this theory, we analyzed the levels of p62/SQSTM1, a selective 251 autophagy substrate capable of binding ubiquitin to LC3-II. Reduced levels of p62/SQSTM1 is associated with 252 increased autophagy and its accumulation is a good marker of suppression of autophagy (Klionsky et Interestingly, the RT+SD group did not show an increase in p62/SQSTM1 and ubiquitinated protein, in 256 addition to a minimized increase in LC3 and corticosterone levels, indicating that RT was protective against 257 catabolic signal. As expected, the molecular behavior was enough to contain the muscle mass loss, and the 258 decreased body weight reduction in the RT+SD group suggests a beneficial effect of RT for the whole organism. 259
The SD did not influence proteasome activity because the RT group alone showed increased activity of the 260 proteasome, which is likely indicative of increased protein turnover in that group (Baehr et al. 2014) . did not co-vary proportionately. Thus, it is possible that corticosterone might contribute to the increase of 266 autophagic markers but not through the activation of gene transcription mediated by Foxo3a. We speculate that the 267 circulating concentration of testosterone, which was reduced by SD, may have resulted in a synergistic increase in 268 the activity of corticosterone because these hormones compete for the same receptor, besides the corticosterone 269 induces apoptosis in Leydig cells, which are testosterone-producing (Mayer and Rosen 1977) . The result would be 270 a net increase in catabolic activity. 271
Another objective of this study was to verify the efficacy of RT in minimizing deleterious effects of SD. 272
The increase of testosterone and IGF-1 and the muscle hypertrophy observed in the RT group demonstrated that 273 D r a f t training was effective. Moreover, the training performed before SD inhibited the IGF-1 alterations in the RT+SD 274 group and minimized the decrease in testosterone. The RT+SD group also presented a level of p62/SQSTM1 and 275 ubiquitinated proteins comparable to the CTRL group and lower levels of LC3 when compared with the SD group, 276 suggesting that resistance training was capable of controlling the shift toward catabolic pathways induced by SD. 277
It is noteworthy to add that the RT+SD group showed an increase in phosphorylated mTOR and p70S6K 278 compared with the other groups, suggesting that trained rats maintained an increased capacity of protein synthesis 279 during the subsequent SD compared with the isolated RT and SD groups. The long-term adaptation of RT allows 280 the organism to react differently when exposed to catabolic conditions. Previous studies showed that, in a catabolic 281 condition (as such muscle denervation), there is increased synthetic activity observed as phosphorylation of 282 mTORC1. It is known that mTORC1 is able to 'sense' amino acids present in the lysosomal lumen and is recruited 283 through Rag GTPase complex, increasing protein synthesis; however, blocking this mechanism increases muscle 284 loss (Quy et explaining the rise in the phosphorylation of mTOR and p70S6K and suggestive of a maintenance muscle 286 autophagy which would provide more amino acids as substrate in the RT+SD group. The accumulation of 287 autophagy markers observed in the SD group associated with a possible reduction of the amount of amino acids 288 generated through this pathway could explain the unchanged of mTOR and p70S6k phosphorylation. Conversely, 289 the chronic performance of RT decreases the phosphorylation of mTOR (Luo et al. 2013) , and the acute effect of 290 RT in muscle endures for between 24-48 hours (Karagounis et al. 2010 ). In the present study, muscles were 291 analyzed 48 hours after the last RT session, which explain the absence of changes in the mTOR and p70S6K 292 phosphorylation in RT group. 293
RT was able to minimize the magnitude of muscle loss in animals submitted to SD. We believe that the 294 high phosphorylation rate of mTOR and p70S6K and the lowest levels of p62/SQSTM1, ubiquitinated protein and 295 corticosterone in the RT+SD group associated with less body mass loss suggest that the RT group had a beneficial 296 systemic effect. This may be due to a more effective substrate utilization, and better assimilation of stress induced 297 D r a f t 13 by SD. Furthermore, the RT prevented the testosterone level from falling below the baseline (as in the SD group), 298 which could reduce a heightened catabolic activity. weight. In the present study, the body weight loss and corticosterone levels were minimized in the RT+SD group. 305
Thus, the HPA axis activity may be a primary driver of muscle atrophy and weight loss during SD in rats and RT 306 can minimize the stress induced by SD. In a study made for Vollert and colleagues, the endurance exercise during 307 4 weeks before 24 h of SD in rats prevented the increase of corticosterone (Vollert et al. 2011 ). This study suggests 308 a better assimilation of stress-induced SD in trained rats. 309
The stress induced by the SD protocol we used is thought to result in stressful stimuli beyond the stress of 310 In summary, our data shows that SD induces muscle atrophy by increasing the catabolic signal, which can 320 be driven by an increase in corticosterone. RT (8 weeks) before sleep deprivation (96 hours) in rodents increased 321 synthetic muscle protein activity (i.e., mTOR (Ser2448) and p70S6K (Thr389) ), reduced catabolic signal, contained 322 D r a f t 14 plantaris muscle mass loss and reduced body weight losses. Thus, RT could be used to reduce the losses of body 323 and muscle mass due to sleep deprivation. 324 
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